[1] A recently derived data set of daily precipitation is used to study the summer precipitation events over Asia and their changes in the decades of . Regional features of the precipitation over entire tropical-subtropical Asia are investigated, exploiting the increased resolution and improved accuracy of the data set relative to other estimates. The changes in precipitation amount and precipitation days for total, extreme, heavy, and light-moderate precipitations are examined. Although the Asian summer monsoon precipitation falls mostly in the form of light-moderate rainfalls, regions of relatively frequent extreme precipitation events are found over South Asia and EastSoutheast Asia. These regions are separated by a narrow zone over the Indo-China peninsula, along 100°E, where extreme precipitation rarely occurs. During the period examined, the amount of total precipitation and light-moderate precipitation exhibits positive trends over southeastern and northwestern China, separated by negative trends over central China and southwestern and northeastern Asia. This sandwich-like pattern, which also appears in the fields of precipitation days and soil moisture content, is associated with the enhanced water vapor supply related to the strengthened monsoon flow over southeastern China and the anomalous easterlies over northwestern China. It is also associated with the decreased water vapor supply linked to the weakened monsoon flows over southern-southwestern Asia and central China and to the anomalous northerly flow over northeastern Asia. Over the entire tropical-subtropical Asia, the largest changes in precipitation, atmospheric circulation, and water vapor transport occur over southern China. On the other hand, the changes over India are much smaller.
Introduction
[2] Long-term climate change plays an important role in modulating the variations of both global and regional climate. The fourth assessment report of the Intergovernmental Panel on Climate Change indicates that the earth's temperature has risen considerably, especially since the 1950s [Houghton et al., 2001; IPCC, 2007] . Accumulated evidence reveals that precipitation has also exhibited longterm changes in many places of the world [e.g., Wang et al., 2000; Goswami et al., 2006] . An understanding of the longterm changes of precipitation provides important guidance for decision makers and users in many sectors including water resource management, agriculture, and transportations. For instance, information about the changes in extreme precipitation events is particularly valuable for disaster preparedness and mitigation of the associated economic and societal impacts.
[3] Substantial effort has been devoted to investigating the variability of precipitation over Asia, especially in summer [e.g., Yatagai and Yasunari, 1994; Chen et al., 1998; Li et al., 2005; Liu et al., 2005; Goswami et al., 2006; Su et al., 2006] . Particular interest has been given to understand the spatial and temporal variations of weather and climate events such as extreme precipitation events associated with droughts and floods. On the basis of daily precipitation analysis, Zhai et al. [2005] have found negative trends of the annual mean precipitation and extreme precipitation events from southern Northeast China to the upper Yangtze River valley and positive trends over northwestern and southern China. Qian et al. [2007b] have also found that, from 1960s-1970s to 1980s -1990s , precipitation increased over Northwest China and the middle-lower reaches of the Yangtze River valley and decreased over northern China. Although the long-term change in the annual mean precipitation is not as significant as that in surface temperature [Hu et al., 2003] , remarkable features have been revealed about the change in summer precipitation [Yatagai and Yasunari, 1994] . Recently, Qian and Qin [2008] have detected several rapid transitions of regional precipitation over the eastern Tibetan Plateau and the lower reach of the Yangtze River valley around 1979 and over southern China in the early 1990s.
[4] Previous studies have also investigated the spatial distributions and temporal fluctuations of the precipitation events over Asia. It has been found that the precipitation events of various rates undergo different long-term changes over China [e.g., Qian et al., 2007a] and India [e.g., Goswami et al., 2006] . In particular, Qian et al. examined the long-term trends of the precipitation frequencies in China for a wide range of precipitation rates (1 -50 mm per day) and shown an overall negative trend in the frequency of light precipitation events and a positive trend in the frequency of extreme precipitation. For the summer precipitation over India, Goswami et al. [2006] detected positive trends in the frequency and magnitude of extreme precipitation events (>100 mm per day) and a negative trend in the frequency of moderate precipitation events over central India from 1951 to 2000. However, the seasonal mean precipitation did not exhibit a significant trend, because the contribution from the increasing heavy precipitation events was offset by the contribution from the decreasing moderate precipitation events. In addition, Ho et al. [2003] have reported an increase in the frequency of heavy precipitation over Korea in recent years.
[5] The variability of precipitation over Asia is affected complicatedly by many factors. For example, the changes in atmospheric circulation and water vapor transport affect the precipitation significantly, as seen in the effect of Asian monsoon circulation on the summer rainfalls over tropical and subtropical Asia [e.g., Ding, 1994; Hu, 1997; Webster et al., 1998; Zhou and Yu, 2005; Wang, 2006, and references therein] . Snow cover and soil moisture also influence the variability of Asian precipitation strongly through the albedo and evaporation effects [Barnett et al., 1989; Yasunari et al., 1991; Meehl, 1994; Sankar-Rao et al., 1996; Wu and Qian, 2003; Zuo and Zhang, 2007] . Furthermore, sea surface temperature (SST) affects the precipitation over Asia by changing large-scale atmospheric circulation patterns and providing atmospheric water vapor [Nitta and Hu, 1996; Yang and Lau, 1998; Yoo et al., 2004; Huang et al., 2007] , particularly for tropical regions, while the impact of soil moisture becomes more important for arid regions [Xue et al., 1996] .
[6] Other factors that influence the variability of Asian precipitation include topography (e.g., the Tibetan Plateau), surface temperature, and aerosols [He et al., 1987; Qian and Giorgi, 1999; Xu, 2001; Zhao et al., 2006] . Gao et al. [2001] have linked the increase in precipitation over most of China to the impact of carbon dioxide. Previous studies Hu et al., 2003] have also linked the interdecadal variations of precipitation to the changes in large-scale temperature structure. Recently, a connection has been found between the changes in the tropospheric temperature and precipitation over eastern China [Yu et al., 2004; Xin et al., 2006; Yu and Zhou, 2007] . A large cooling trend appeared over East Asia, most prominent at the upper troposphere. The cooling was accompanied by a southward shift of the upper tropospheric westerly jet stream and a weakening of the East Asian summer monsoon, tending to decrease the precipitation over northern China and increase the precipitation over the Yangtze River valley.
[7] Nevertheless, our understanding of the spatial and temporal variations of precipitation and their responsible mechanisms has been hindered by several difficulties. First, precipitation is highly variable in space and time, and thus its analysis requires data sets with high spatial resolutions. Moreover, the temporal variations of precipitation are less periodic than many other fields like temperature and thus long records are needed to obtain reliable statistics. Unfortunately, extended precipitation data sets of high resolutions are rare. The lack of these data sets makes it even more difficult for us to understand the precipitation events of different rates and their long-term variability. Indeed, studies that exploit daily precipitation data to investigate the longterm changes over the entirety of Asia are rarely seen. In addition, as discussed above, the variations of precipitation are strongly affected by many factors. These factors may vary independently on the one hand and are mutually interactive on the other hand. The characteristics of precipitation variations often result from the mutual influences of these impacting factors.
[8] In order to address these challenges and complexities, in this study, we exploit an improved daily precipitation data set that covers a large part of Asia [Xie et al., 2007] . Compared to previous studies, we examine the features of precipitation events over entire tropical-subtropical Asia using updated and unified information within the same data product. It is assumed that analyzing such a data set with large spatial coverage will reveal more accurate spatial features than analyzing separated data sets covering individual sub-domains. As described in the next section, this precipitation data set exhibits several advantages compared to the previously analyzed products including its high spatial resolution, its increase in station observations, and an improvement in its analysis algorithm relative to the previous analyses of Asia precipitation.
[9] We describe further the data sets and analysis methods applied in this study in section 2. After discussing the climatological features of precipitation events in section 3, we illustrate the patterns of changes in precipitation amount and precipitation days in section 4 and discuss the trends of regional precipitation over particular domains in section 5. The atmospheric circulation features associated with the changes in precipitation are shown in section 6. Finally, a summary of the results obtained is provided in section 7.
Data Sets and Analysis Methods
[10] The major data set analyzed in this study is a gaugebased precipitation analysis [Xie et al., 2007] . It contains daily precipitation of a 0.5°latitude -longitude grid over Asia (5°-60°N, 65°-155°E) for 1978 -2003 . The data set was constructed by interpolating station observations at more than 2,200 gauges over the Asian continent and its surrounding islands, collected from several individual sources. For example, data over 700 meteorological stations are used for China and over 1000 hydrological stations are used for the Yellow River basin for a period from the 1930s to 1997. For studies of precipitation over Asia, this is a quality-improved precipitation analysis from the existing global products because of the enhancement in the number of station observations and improvement in analysis algorithm. According to Xie et al. [2007] , who have described the details of the data set, cross-validation tests show that the quality of the precipitation analysis increases with the gauge network density. The daily precipitation, whose climatology is adjusted by the Parameter-Elevation Regression on Independent Slopes Model (PRISM) monthly precipitation climatology to correct the bias caused by orographic effects, presents similar patterns but with more detailed structure and larger magnitude of precipitation compared to monthly gauge analyses. Also analyzed in this study are the winds, specific humidity, and sea level pressure from the National Centers for Environmental Prediction/the National Center for Atmospheric Research (NCEP/NCAR) reanalysis [Kistler et al., 2001] . For result comparison, we also analyze several variables from the European Centre for Mediumrange Weather Forecasts 40-year reanalysis (ERA-40 [Uppala et al., 2005] ). In addition, we use the NOAA Climate Prediction Center monthly soil moisture data sets developed by Fan and van den Dool [2004] . This data set, in which an independent precipitation analysis [Chen et al., 2002 ] is used, is at 0.5 degree resolution and covers the global land surface from 1948 to the present.
[11] We classify the summer (June -August; JJA) precipitation into three categories: extreme or torrential precipitation (>50 mm per day), heavy precipitation (25 -50 mm per day), and light-moderate precipitation (<25 mm per day). (As discussed in section 7, we have also examined light precipitation and moderate precipitation separately.) This classification is in general similar to the standard by Zhu et al. [1992] and the categorization of meteorological operations of the China Meteorological Administration [China Meteorological Administration, 1995] . By definition, the total precipitation is the sum of the precipitations of these three categories. We also analyze the precipitation days for total precipitation and the three categories of precipitation Figure 1b separate the large values of extreme precipitation amount over South Asia and over Southeast-East Asia. amount, respectively. We define precipitation days as those days when precipitation is !0.1 mm per day.
[12] This study focuses not only on precipitation events but also on the trends of precipitation amount and precipitation days. For each grid point, the trend of precipitation amount (or precipitation day) is expressed by a linear function of time t expressed as Y = at + b, where a is a regression coefficient denoting the linear trend and b is a constant. The Student t-test is used to assess the statistical significance of the variability of precipitation and other fields and the Mann-Kendall test (M-K test [Kendall and Gibbons, 1981] is also used to detect the rapid transition points of the time series of area-averaged precipitation.
Spatial Patterns of Precipitation Events
[13] In this section, we discuss the climatological features of the spatial patterns of precipitation amounts and precipitation days, for total precipitation and extreme, heavy, and light-moderate precipitations, respectively. It can be seen from Figure 1 that, the climatological means of JJA total precipitation over central-northwestern Asia including Kazakhstan, Northwest China, and part of Mongolia are less than 100 mm ( Figure 1a ). On the other hand, the total precipitation over southern Asia including Bangladesh and a large part of India and Indo-China peninsula exceeds 1,000 mm. The high-resolution precipitation product clearly demonstrates its advantage in illustrating the fine-scale large precipitation amounts over the west coast of India, the southern hills of the Tibetan Plateau, and western Pacific islands.
[14] Extreme precipitation mainly occurs over South Asia and limited areas in East-Southeast Asia (Figure 1b ). Over the west coasts of India and Indo-China peninsula, the southern hills of the Tibetan Plateau, and Taiwan, the extreme precipitation exceeds 500 mm. Interestingly, a zone of much smaller values (<50 mm) is seen over the IndoChina peninsula and Southwest China, near 100°E. That is, within this relatively quiet zone, local extreme precipitation (>50 mm per day) does not occur every summer. As shown in Figure 1b , for extreme precipitation, a Y-type pattern roughly separates the high values over South Asia and EastSoutheast Asia from the low values over central Indo-China peninsula and elsewhere. While the northernmost boundary of extreme precipitation over South Asia is located along the southern slopes of the Tibetan Plateau, the northernmost boundary of the extreme precipitation is along the northernmost boundary of the East Asian summer monsoon [Qian et al., 2007a] . As in Qian and Leung [2007] , we have also examined the distribution of the 90th percentile of daily precipitation and found that the pattern (figure not presented) is similar to that shown in Figure 1b . The pattern of the 95th percentile of daily precipitation is also spatially similar.
[15] For heavy precipitation (Figure 1c ), the northernmost boundary in South Asia and the northernmost boundary in East Asia are similar to those of the extreme precipitation. Large values of heavy precipitation also appear over the west coasts of India and the Indo-China peninsula and over the southern slopes of the Tibetan Plateau. However, no apparent zone can be found over the Indo-China peninsula to separate the heavy precipitations over South Asia and Figure 2 . Ratio of JJA precipitation amounts: (a) extreme precipitation to total precipitation, (b) heavy precipitation to total precipitation, and (c) light-moderate precipitation to total precipitation. East-Southeast Asia. Figure 1d indicates that more lightmoderate precipitation (>500 mm) occurs over the IndoChina peninsula and Southwest China where the amount of extreme precipitation is very small.
[16] The relationships between total precipitation and the precipitations of various classifications can be seen more clearly from Figure 2 , which shows the ratios of precipitation classes to the total. The figure indicates that extreme precipitation accounts for less than 35% of the total precipitation in most regions, with exceptions along the west coasts of India and Indo-China peninsula and part of the southern hills of the Tibetan Plateau (Figure 2a ). In fact, in most monsoon regions, the ratio is less than 25 percent. On the other hand, heavy precipitation accounts for more than 25% of the total precipitation in most of the regions over South, Southeast, and East Asia (Figure 2b ). However, as seen from Figure 2c , more precipitation belongs to the category of light-moderate precipitation. Figure 2c shows that, over the regions north of 30°N, except Northeast China and the areas of eastern China Meiyu, Japan Baiu, and Korea Changma rain bands, light-moderate precipitation explain more than 80% of the total precipitation.
[17] Figure 3 shows the climatological numbers of summer precipitation days. Monsoon precipitation occurs most frequently over the Indo-China peninsula, Southwest China, the west coast of India, and northeastern India (Figure 3a) . On average, precipitation occurs more than 70 days per summer over these regions. On the contrary, the mean precipitation days are 30 or less over Southwest Asia and Northwest China. For the extreme precipitation category, the distribution of precipitation days (Figure 3b ) is similar to the pattern of precipitation amount (Figure 1b) . Again, a Y-shaped pattern separates the regions of frequent occurrence of extreme precipitation over South Asia and Southeast-East Asia from other places. Extreme precipitation appears most frequently over the west coasts of India and Indo-China peninsula, Bangladesh, and the southern hills of the Tibetan Plateau, followed by central India, the south coast of China, and the areas of Meiyu, Baiu, and Changma rain bands from China to Japan and Korea. Over the Indo-China peninsula and Southwest China, around 100°E, extreme precipitation averages less than one day per summer, consistent with the statistics for the category of extreme precipitation amount (see Figure 1b) . For the heavy precipitation category, the distribution of precipitation days (Figure 3c ) is also similar to the pattern of precipitation amount (Figure 1c ). Over most monsoon regions, heavy precipitation occurs less than 10 days per summer. The total precipitation days, shown in Figure 3a , are mainly due to light-moderate precipitation (Figure 3d ), which occurs most frequently over the Indo-China peninsula, Southwest China, and other places including the west coast of India and the Philippines.
Patterns of Precipitation Tendencies
[18] Figure 4 shows the spatial pattern of tendencies for total, extreme, heavy, and light-moderate precipitations, respectively. For each grid point, we define a tendency coefficient (r) by normalizing the regression coefficient (a; see section 2) with the root-mean-square value of precipitation. We find r to be superior to a because of the convenience in both comparing the changes in precipitation over different locations with different precipitation rates and assessing its statistical significance. It can be seen from Figure 4a that, from 1978 to 2002, positive trends in total precipitation appear over East-Southeast Asia and Northwest China. A southwest-northeast oriented zone of negative trend from Southwest Asia through central China to Northeast Asia separates these positive trends and forms a sandwich pattern (showed by the rectangle and two ovals in the figure) . The changes in extreme precipitation (Figure 4b ) are characterized by the positive trends over eastern Indo-China peninsula, southeastern China, and Korea and by the small and spotty negative trends over South-Southwest Asia, central China, and Northeast Asia. For Korea, the result is consistent with that obtained by Ho et al. [2003] . The tendencies of heavy precipitation (Figure 4c ) are similar to [19] The tendencies of precipitation days (figure not shown) display similar features to the tendencies of precipitation amounts for both total and classified precipitations. In particular, a sandwich pattern appears for total and lightmoderate precipitation days, and positive trends occur over East-Southeast Asia for extreme and heavy precipitation days. The most significant features of total and lightmoderate precipitation days are the negative trends over Northeast and Southwest Asia and central China. The generally similar features in the long-term changes between precipitation amounts and precipitation days suggest that, for each precipitation category, the changes in precipitation days are important in determining the changes in precipitation amount.
[20] We further examine the distribution of the tendency coefficient of soil moisture content. Figure 5 shows that, since 1978, soil moisture content has increased over southern and Northwest China and decreased over India, Pakistan, northern China, and northeastern Asia. The overall features of the changes in soil moisture content are similar to those of the changes in total precipitation and lightmoderate precipitation shown in Figure 4 . More discussions about the changes in soil moisture content are given in the next session.
Further Analysis of Trends and Transition Points of Domain-Averaged Precipitation
[21] We extend our analysis by revealing the detailed features of the changes in Asian regional precipitation and precipitation events for the domains outlined by the boxes in Figure 4 . These domains, where significant signals appear in the long-term changes in total precipitation, are Southeast China (21 -30°N, 107-120°E), Northwest China (41 -46°N, 80-90°E), Southwest Asia (28 -37°N, 65.25 -75°E), central China (32 -36°N, 95-110°E), and Northeast Asia (49 -58°N, 127-137°E).
[22] Figure 6 shows the time series of area-averaged JJA total precipitation for (a) Southwest Asia, (b) Southeast China, (c) central China, (d) Northwest China, and (e) Northeast Asia. The mean total precipitation over Southwest Asia, central China, and Northeast Asia is 107.87, 354.29, and 269.74 mm, respectively (refer to m in the figure) , and the mean precipitation in these domains decreases by 3.56, 3.72, and 4.08 mm per summer, respectively (refer to a in the figure). All these decreases are statistically significant at the 99% confidence level (t-test). In Southeast China (Figure 7b ) and Northwest China (Figure 7d) where the mean total precipitation is 659.66 and 113.54 mm, precipitation has increased by 10.75 and 2.02 mm per summer, significant at the 99.9% and 99% Figure 4a for details of the locations. r, a, and m stand for the tendency coefficient (nondimensional) of precipitation amount, regression coefficient (mm per summer), and mean precipitation (mm; horizontal lines), respectively. Single and double asterisks indicate the significant tendencies exceeding the 99% and 99.9% confidence levels (t-test), respectively. Figure 7 . Variability of JJA precipitation amounts (mm) for extreme, heavy, and light-moderate precipitations averaged over (a-c) Southeast China and (d -f) Southwest Asia. r, a, and m stand for tendency coefficient (nondimensional), regression coefficient (mm per summer), and mean precipitation (mm; horizontal lines), respectively. Single, double, and triple asterisks indicate the significant tendencies exceeding the 95%, 99%, and 99.9% confidence levels (t-test), respectively. confidence levels, respectively. Particularly in Southeast China, a rapid transition point of total precipitation appeared in 1993. The mean precipitation was 578.17 mm before and 781.90 mm after the transition time. Our additional analysis of the daily precipitation over southern China using 112 stations also shows a statistically significant (at 95% confidence level, M-K test) transition of the summer precipitation in 1993 (figures not presented). In addition, the summer precipitation days have decreased over Southwest Asia, central China, and Northeast Asia but increased moderately over Southeast and Northwest China. As in precipitation amount, a rapid transition point of summer precipitation days appeared over Southeast China in 1993, with 59.58 days per summer before and 66.27 days per summer after the transition.
[23] Substantial regional features appear from the changes in precipitation amounts and precipitation days within Asia. For example, opposite tendencies of summer precipitation amount are observed in Southeast China and Southwest Asia, as seen from Figure 6 . Figure 7 further illustrates the trends of various precipitation amounts for these two regions. Over Southeast China, the positive trend of total precipitation seen previously (Figure 6b ) is influenced by the increases in extreme precipitation (a = 4.71 mm per summer; Figure 7a ), heavy precipitation (a = 3.82 mm per summer; Figure 7b ), and light-moderate precipitation (a = 2.22 mm per summer; Figure 7c ). These changes are significant at the 99.9% confidence level for extreme and heavy precipitations and 95% for light-moderate precipitation. A sharp increase in the precipitation over Southeast China in 1993 is also evident in all precipitation categories. Here, the extreme precipitation accounts for about 25 percent of the total precipitation, suggesting an enhanced risk associated with local extreme precipitation since 1993. As shown in Figures 7d-7f , the negative trend of total precipitation in Southwest Asia (see Figure 6a) is also influenced by extreme, heavy, and light-moderate precipitation classes. These changes are significant (at the 99% confidence level) and are characterized by negative trends of À1.27, À0.81, and À1.48 mm per summer, respectively. It should be Figure 8 . Variability of JJA precipitation amounts (mm per summer) for total, extreme, heavy, and light-moderate precipitations averaged over central India (16.5 -26.5°N, 74.5 -86.5°E ). r, a, and m stand for tendency coefficient (nondimensional), regression coefficient (mm per summer), and mean precipitation (mm; horizontal lines), respectively. pointed out that features similar to the above-discussed results are also found in the trends of precipitation days for the various precipitation categories (figures omitted).
[24] Since the precipitation over central India is of a similar magnitude to the precipitation over southern China, it is interesting to compare the features of precipitation trends over the two regions, as they are also directly affected by the South Asian monsoon and the East Asian monsoon, respectively. Figure 8 shows that, over central India (16.5 -26.5°N, 74.5-86.5°E), the total, extreme, heavy, and lightmoderate precipitations all exhibit negative trends, although these trends are only moderately significant (not reaching the 95% confidence level). Thus the weak long-term change in precipitation over central India and the more significant change over Southeast China tend to be of different signs. Comparison of Figure 8 and the result of Goswami et al. [2006] indicates an interdecadal variability of precipitation events. Although Goswami et al. showed a negative trend in the frequency of moderate precipitation events and a positive trend in the frequency of heavy precipitation over central India for 1951-2000, the frequency of heavy precipitation has decreased since the 1980s (see their Figure 3 ). Note that Goswami et al. defined the heavy precipitation events by the precipitation above 100 mm per day and they analyzed the June-September precipitation, instead of JJA precipitation investigated in this study.
[25] We further depict the long-term changes in the amount of precipitation over a wide range of precipitation rate. Figure 9 shows the distributions of total precipitation amount as a function of precipitation rate for various spatial domains, and for 1983 -92 and 1993-2002, respectively . It reveals broad spectra of precipitation rate over Southeast China (Figure 9b ) and central India (Figure 9f ) where the amounts of precipitation are large at the various precipitation rates. It is also interesting to observe the broad band over Southwest Asia (Figure 9a ) although the precipitation amount is smaller at each precipitation rate. Relatively, narrower distributions of precipitation rate are seen over central China (Figure 9c ), Northwest China (Figure 9d ), and Northeast Asia (Figure 9e ) where precipitation rates exceeding 50 mm per day are infrequent. However, in this study, we focus more on the changes in precipitation amount from 1983-1992 to 1993 -2002 as a function of precipitation rate. As seen previously, increases in precipitation occurred over Southeast and Northwest China. Figure 9 indicates that the increase in Northwest China was evident in all precipitation rates. However, the increase in Southeast China, which was more significant, was due primarily to the increase in rates greater than10 mm per day. The decreases in precipitation from 1983 -92 to 1993 -2002 over Southwest Asia, central China, and Northeast Asia occurred in the ranges of rates <12, 5 -15, and 10-30 mm per day, respectively. Over central India, the changes were small over all precipitation rates, although the precipitation in the range of 15-45 mm per day decreased slightly. Thus the changes in total precipitation amount can result from the uniform change in the precipitation of all precipitation rates, the change in the precipitation of particular rates, or the shift in precipitation rates that contribute to the total precipitation amount significantly.
Changes in Atmospheric Circulation Patterns
[26] Figure 10a shows the mean atmospheric circulation pattern at the 850-mb level for 1993 -2002. The solid lines indicate the locations of monsoon troughs over the Bay of Bengal and the South China Sea, accompanied by intense and frequent extreme precipitation to the east of them (see Figures 1 and 3) . The dashed line along 100°E designates a ridge of the 850-mb flow over the Indo-China peninsula, which is accompanied by infrequent extreme precipitation events. It is part of the Y-shaped pattern shown in Figure 1 that separates the extreme precipitation events over South Asia and East-Southeast Asia and denotes the northernmost boundary of summer monsoon flow over China. The atmospheric ridge and the narrow zone of infrequent extreme events are also related to the lee-side effect of the topographies over western Indo-China peninsula.
[27] It can be seen from Figure 10b , which shows the difference in 850-mb winds between 1993 -2002 and 1993 -2002 and 1983 -92 (1993 -2002 minus 1983 -1992) , and (c) differences in JJA sea level pressure (mb) between 1993 -2002 and 1983-1992 . In (a), the thick solid lines indicate summer monsoon troughs and the dashed line shows the ridge of monsoon flow over the Indo-China peninsula.
1983 -92, that anomalous southwesterly flows appear over Southeast Asia, northern South China Sea, and southeastern China and anomalous easterly flow is found over Northwest China during 1993 -2002. These flow features are associated with atmospheric convergence, increasing the amount and frequency of precipitation over the regions. The convergence over southeastern China is also caused by the anomalous northerly flow from northern East Asia. The increase in precipitation over the wet regions of southeastern China is mainly caused by extreme and heavy precipitations (Figures 4b-4c) , while the increase in precipitation over the arid Northwest China is largely caused by light-moderate precipitation (Figure 4d ). In contrast, anomalous northeasterly flows are seen from Northeast Asia, central China, to northern India, accompanied by decreased precipitation over these regions (see Figure 4) .
[28] Analyzing the difference in sea level pressure between the two periods shows a zone of increased pressure extending northeastward from Southwest Asia through central China to Northeast Asia (Figure 10c) . The increased sea level pressure is associated with the decreased precipitation during the second period. Two areas of negative pressure anomalies are also observed over Northwest China and East-Southeast Asia including Southeast China, where positive precipitation trends appear. Similar to the tendency pattern of total precipitation, a sandwich-like pattern also emerges from the pattern of difference in sea level pressure over tropical and subtropical Asia.
[29] Following Lau and Yang [1996] and Leung et al. 1993-2002 and 1983 -1992 (1993 -2002 minus 1983-1992) India, northern Bay of Bengal, southern hills of the Tibetan Plateau, southern China, and the South China Sea. Weak divergence appears over the western and northern Arabian Sea and part of southwestern Asia.
[30] More interesting features are observed from Figure 11b . Compared to the period of 1983 -92, more water vapor was transported from the South China Sea and the East China Sea into southeastern China, where increased convergence of water vapor was also accompanied by an anomalous cyclonic pattern. This is in contrast to the smaller change in water vapor transport to India where precipitation decreased slightly. Note also that, over Northeast Asia, the southwesterly flow weakened, leading to smaller water vapor supply to the region. On the one hand, this change was associated with anomalous westward water vapor flux to Northwest China, implying a weakening of the relatively dry westerly flow, and with an increase in the precipitation over the region. On the other hand, the weakened water vapor supply to Northeast Asia (including northeastern China) and the intensified monsoon flow over southern China suggest their possible links to the increase (decrease) in precipitation over the south (north) of eastern China [Chang et al., 2000; Zhou and Huang, 2003] . It should also be pointed out that the increase in precipitation over southern China may also be linked to the increased activity of typhoons that landed in southern China in the 1990s relative to the 1980s [Wang and Qian, 2005] . However, a more comprehensive analysis of this typhoon-precipitation relationship is beyond the scope of this study.
[31] Since differences have been previously found in the atmospheric water vapor transport between the NCEP/ NCAR reanalysis and the ERA-40 analysis [e.g., Zhou and Yu, 2005] , it is desirable to understand how the differences affect the results shown in this analysis by comparing the patterns of water vapor transport over Asia and its adjacent regions between the two products. As shown by the NCEP/NCAR reanalysis (Figure 11a ), the ERA-40 reanalysis (Figure 11c ) illustrates large water vapor transport within the Asian summer monsoon flows. It also illustrates large convergence of water vapor over most of tropical Asia and small divergence over southwestern Asia and the western-northern Arabian Sea. However, larger convergence of water vapor is found over the Tibetan Plateau in the ERA-40. Comparison between Figures 11b  and 11d indicates that the changes in water vapor transport from 1983-1992 to 1993 -2002 also exhibit similar features between the two products although the ERA-40 reanalysis shows larger convergence of water vapor over the Tibetan Plateau. One of the important features is that, as in the NCEP/NCAR reanalysis, an increase in water vapor convergence appears clearly over southeastern China in the ERA-40 analysis, consistent with the increase in local precipitation shown above (e.g., Figure 4a ).
[32] Finally, we examine the features in variations of soil moisture content. Figure 12a shows that, in summer, soil moisture content is high over most of southern Asia, east of 85°E and south of 30°N, including the maritime continent. It is also high over the west coast of India, the southern hill of the Tibetan Plateau, Korea, and Japan. The wet soil is naturally linked to the influence of monsoon flows, which bring ample water vapor supply from oceans (see Figure 11 ) that increases precipitation. On the other hand, although the soil moisture content over the Tibetan Plateau and desert regions is low as expected, it is interesting to see the low values over southern India -except over the west coast where rainfall is high. For most regions, the spatial features of soil moisture content are in general similar to those of total precipitation shown in Figure 1a . However, larger precipitation and lower soil moisture content are found over central India compared to the values over southern China. This is because, while the Indian monsoon rainfall occurs in central India from mid-June, monsoon rainfall appears over southern China and saturates the soil earlier. Heavy premonsoon precipitation takes place over southern China even earlier, from April. Furthermore, as shown in Figure 11a , the convergence of water vapor over India is smaller than that over southern China.
[33] From 1983 -92 to 1993 -2002, soil moisture content has increased apparently over southern China and the IndoChina peninsula and decreased remarkably over centralnorthern China and northeastern and southwestern Asia. While mixed signals are seen over India, the soil moisture content over the Tibetan Plateau and arid Northwest China does not change significantly. These features of long-term changes in soil moisture, generally consistent with those in precipitation, are associated closely with the changes in atmospheric circulation and water vapor transport. For example, the increase in soil moisture content (and precipitation) over southern China and the Indo-China peninsula is linked to the water vapor convergence (see Figure 11b ) and the decrease in soil moisture content over northeastern Asia is related to the water vapor divergence over the region.
Summary and Discussions

Summary
[34] In this study, we have applied a recently derived data set of daily precipitation to investigate the spatial and temporal distributions of Asian summer precipitation and their changes in the last decades. We have analyzed the regional features and trends of precipitation amount and precipitation days for total precipitation and extreme (>50 mm per day), heavy (25 -50 mm per day), and lightmoderate (<25 mm per day) precipitations.
[35] The Asian summer monsoon precipitation mostly falls in the form of light-moderate precipitation. However, regions of relatively frequent extreme-precipitation events are clearly seen over South Asia and East-Southeast Asia. A narrow zone of rare extreme precipitation events appears over the Indo-China peninsula, along 100°E, and it separates the extreme precipitation events over South Asia and East-Southeast Asia. The northernmost boundary of extreme precipitation is located along the southern slopes of the Tibetan Plateau over South Asia and is consistent with the northernmost limit of the summer monsoon over East Asia. For heavy precipitation, the northernmost boundary over South Asia and the northwestern boundary over East Asia are in good agreements with those for extreme precipitation. In the tropics, more light-moderate precipitation appears over southern India, the Indo-China peninsula, and Southwest China than elsewhere. In general, the patterns of changes in precipitation days are similar to those of precipitation amounts for all precipitation categories. 1993 -2002 and 1983 -1992 (1993 -2002 minus 1983 -1992) .
[36] The total and light-moderate precipitations show positive trends over Southeast China and Northwest China, and negative trends over Southwest Asia, central China, and Northeast Asia, forming a sandwich-like pattern. For heavy and extreme precipitations, positive trends are observed near the east coasts of East Asia and Southeast Asia, while negative trends are seen over Southwest Asia, central China, and Northeast Asia. A particularly significant increase in the precipitation over Southeast China occurred in 1993, and this rapid transition was associated with the increases in all precipitation categories.
[37] The sandwich pattern in precipitation changes is associated with the enhanced water vapor supply related to the strengthened monsoon flow over southeastern China and the anomalous easterlies over northwestern China. It is also associated with the weakened water vapor supply linked to the weakened monsoon flows over southernsouthwestern Asia and central China and to the anomalous northerly flow over northeastern Asia. Sandwich patterns appear not only in the changes in precipitation amounts and precipitation days for total and light-moderate precipitations, but also in the changes in atmospheric circulation, tropospheric water vapor transport, and soil moisture content.
Further Discussions
[38] It should be pointed out that previous studies of the statistical features of Asian precipitation have focused on different individual regions by using different data sets (for example, Goswami et al. [2006] for India and Qian et al.
[2007a] for China). Differently, this analysis applies a same data set to investigate the precipitation features for entire tropical-subtropical Asia. Thus this study is capable of revealing additional features such as the narrow zone of rare extreme precipitation over the Indo-China peninsula, the large-scale sandwich pattern of precipitation trends, and the uniqueness of the abrupt transition of Southeast China precipitation in 1993. Furthermore, this analysis has attempted to explain the distributions and trends of precipitation events by the changes in atmospheric circulation, water vapor supply, and soil moisture. Indeed, over the entire tropical-subtropical Asia, the largest changes in precipitation, atmospheric circulation, and the associated water vapor transport occur over southern China. Relatively, the changes over India are much smaller. In addition, this analysis applies a high-resolution data set that has been derived by using significantly increased number of gauge observations and improved algorithm, which is necessary to depict the substantial regional features of precipitation and its changes within the broad Asian continent.
[39] Additionally, we have also examined the spatial distributions and temporal changes for light precipitation (<10 mm per day) and moderate precipitation (10 -25 mm per day). Result indicates that the spatial distributions and long-term changes in both light and moderate precipitations exhibit features similar to those of the light-moderate category. For all the spatial domains examined, light and moderate precipitations show similar long-term trends, although the positive trend of moderate precipitation is more significant than that of light precipitation over Southeast China.
[40] In spite of the insights gained here, it continues to be a challenge to fully understand the spatial and temporal variability of precipitation events especially their physical linkages. The data record of 25 years applied in this study is too short to conduct a comprehensive analysis of the changes in precipitation events on interdecadal time scales. However, high-resolution data sets of daily precipitation that have longer records and cover entire Asia are not immediately available. In addition, understanding the statistical features of diurnal variability of precipitation events even requires higher temporal and spatial resolutions of precipitation observations. The development of such data sets will play an important role in better understanding the linkages between the spatially and temporally complex rainfall distributions and our changing climate.
